Biosorption on lignocellulosic wastes and by-products has been identified as a proper alternative to the existing technologies applied for toxic metal ion and dye removal from wastewater streams. This paper deals with utilization of typical low cost wastes and byproducts produced in different food agricultural and agro-industries as biosorbent and reviews the current state of studies on a wide variety of cheap biosorbents in natural and modified forms. The efficiency of each biosorbent has been also discussed with respect to the operating conditions (e.g. temperature, hydraulic residence time, initial metal concentration, biosorbent particle size and its dosage), chemical modification on sorption capacity and preparation methods, as well as thermodynamics and kinetics.
Introduction
In recent decades, industrial activity growth and increasing water usage worldwide have led to the release of various pollutants into aquatic environment, such as toxic heavy metals, dyes, organic compounds like phenols, dyes, pesticides, humic substances, detergents and other persistent organic pollutants.
These kinds of pollutants are mainly characterised by marked not only persistence against chemical or biological degradation, but also high environmental mobility and strong tendency for bioaccumulation in the food chain. A number of treatment methods At present, the interests in utilization of cheap alternatives have been significantly increased and many attempts have been made by researchers on feasibility of biosorption potential of lignocellulosic materials (either natural substances or agroindustrial wastes and by-products) as economic and eco-friendly options. Generally, biosorption processes can significantly reduce capital costs, operational costs and total treatment costs compared with the conventional systems (Bulut and Tez, 2007) .
Nevertheless, the lignocellulosic materials have some negative sides such as low uptake capacity in raw form and releasing organic components in terms of high chemical oxygen demand (COD), biological oxygen demand (BOD) and total organic carbon (TOC). Thus, they can cause secondary pollution and oxygen reduction in water (Wan Ngah and Hanafiah, 2008) . Many investigations have been carried out to improve the properties of the adsorbents and increase their capacity for metal ion uptake by chemically modification with mineral/organic acids, bases, organic compounds and oxidation agents (e.g. NaOH, CaO, CaCl 2 , citric acid, acetic acid, formaldehyde, Na 2 CO 3 , NaHCO 3 , HCl, H 2 SO 4 , HNO 3 Approximately 65% of the cellulose is highly oriented and crystalline with no accessibility to water and other solvents, while the rest is composed of less oriented chains which have association with hemicellulose (20-40%) and lignin (15-25%).
Hence, as its partial accessibility to water and other solvents, the molecular structure of cellulose gives a variety of characteristics such as hydrophilicity, chirality and degradability. Moreover, chemical reactivity is strongly a function of the high donor reactivity of the OH groups in cellulose molecules. With lower degree of polymerization than cellulose, the hemicellulose includes a group of polysaccharide polymers and the hemicelluloses which are not crystalline vary in structure and polymer composition depending on the source. Lignins are highly branched without crystallinestructure and are composed of nine carbon units derived from substituted cinnamyl alcohol of which the structure and chemical composition are a function of their source.
There are also small amounts of water, ash, cyclic hydrocarbons, organic and inorganic materials presented in lignocellulosic sources as extractives which contains a large number of both lipophilic and hydrophilic constituents (Cagnon et al., 2009; O'Connell et al., 2008) . Chemical composition of some common lignocellulosic materials is presented in Table 1 . Table 1 The type of functional groups and chemical components in lignocellulosic wastes and by-products are similar but in different amounts. They play an important role in heavy metal ions sorption (Asadi et al., 2008) . Additionally, in order to enhance and reinforce the functional group potential and increase the number of active sites, some pre-treatment methods using different kinds of modifying agents are applied within known protocols (Bhatnagar and Sillanpää, 2010; Wan Ngah and Hanafiah, 2008 Nevertheless, it is generally difficult to compare the adsorptive properties of adsorbents directly, because there are considerable inconsistency in data presentation and differences in experimental conditions, materials and methodologies (e.g. different initial concentrations, pH value, temperature, adsorbent dose, particle size, etc).
Mechanism of biosorption process
Biosorption process includes a combination of several mechanisms including According to the results obtained from the intra-particle diffusion kinetic model, adsorption can be described as multiple sorption rates attributed to fast film diffusion, rate-limiting gradual adsorption stage (pore diffusion) and final slow equilibrium step of intra-particle transport. In batch systems, intra-particle diffusion was not the only rate controlling step but generally it is important in the biosorption kinetic process as adsorbent size was the main parameter of biosorption process (Ahmad et al. 2009 ). On the other hand, in continuous flow system, film diffusion is more likely the rate limiting In other study, Schiewer and Patil (2008) reported that the protonated citrus peels exhibited very good ability to Pb removal very similar to some ion exchange resins.
They discovered, even at high ionic strength environment, Pb removal efficiency remained more than 90% which indicated that electrostatic attraction was not the main binding mechanism.
Along with kinetic and thermodynamic studies, isotherm models can also contribute to information about mechanism of adsorption. Blázquez et al. Without going into too much detail, the maximum biosorption capacities of different types of natural biosorbents, agro-industrial wastes and by-products for heavy metal removal are summarised in Table 2 and some of the results are discussed hereinafter. Due to the different laboratory conditions (e.g. pH, temperature, adsorbent dose, particle size), materials and methodologies, it is not easy to conclude which biosorbent would be suitable for particular metal ion.
One of the main factors that sprightly influences whether an agro-industrial waste or by-product is practical or not is the availability. In other study, when rice husk was subjected to 1.5% alkali treatment and used for In addition, resistance of dyes to biological degradation has made color removal from wastewaters more difficult, because most textile dyes have complex aromatic molecular structures that resist degradation (Guo and Ngo, 2012) . Compared with other commercially used adsorbents such as activated carbon, inexpensive, locally available and effective materials can be used as a substitute for the removal of dyes from aqueous solution (Crini, 2006 ). An extensive list of biosorbents and the parameters affecting dye removal have been compiled in Table 3 . Table 3 As the most commonly used dyes in textile and paper industries, the removal of 
Lignocellulosic wastes and by-products for organic and nutrient removal
Recently, many attempts have been made for finding low-cost and effective anion/cation exchangers produced from agricultural by-products to remove organic pollutants and nutrients from aqueous solutions (Table 4) . It is well known as the pH of the solution is one of the effective parameters on adsorptive potential of biomass and affects its surface charge as well as the degree of ionization of different pollutants (Ahmad et al., 2009 ). At higher pH, negatively charged adsorbent sites increase, which enhance the adsorption of positively charged cations through electrostatic forces of attraction. Table 4 Ofomaja (2011) studied the kinetics, isotherm models and possible mechanism of biosorption process in terms of removing large organic pollutant molecule like 4-nitrophenol using mansonia (Mansonia altissima) wood sawdust. From calculated kinetic rates of pollutant sorption into macro-, meso-and micropores, the process mechanism was found to be complex, consisting of both external mass transfer and intra-particle diffusion. This process was quite well described by the pseudo secondorder kinetic model and Freundlich isotherm. of phenolic compounds were removed completely. Alkali condition was more favorable for phenol adsorption and lower pH value was more suitable for desorption process.
They also explained that in case of using water for biosorbent recovery, if the cation or anion attached on biomass surface were very weak, physiosorption via Van der Waals attraction was the main mechanism. If alkali water (pH 12) was used, adsorption mechanism could be ion exchange, while chemisorption was dominant mechanism if acetic acid was employed. Based on the results, since 0.17, 0.30 and 0.12 g/g of desorbed phenolic compounds could be obtained by neutral pH water (pH 7.3), acetic acid (pH 1.2) and alkaline water (pH 12), respectively, chemisorption might be the main mechanism of phenol removal. showed an excellent recovery performance without significant loss in biosorption capacity.
Future perspectives
Although lignocellulosic wastes and by-products have adsorption capacity limitation in comparison with current commercial adsorbents, a good adsorbent selection with proper chemical modification can considerably improve adsorptive properties of the material.
Furthermore, a suitable regeneration process of pollutant-loaded adsorbent can reduce the costs of water and wastewater treatment as well. The number of papers on batch biosorption and the current developed kinetic and isotherm models can provide proper explanation and simulation for most of the mechanism studies on biosorption process and continuous process in fixed-bed column or Continuous Stirred-Tank Reactor (CSTR).
Although many attempts have been made on heavy metal removal, but for industrial dye, organic pollutants, as well as phosphate and nitrate discharged from agricultural and industrial areas, more researches are needed. Moreover, the feasibility of using lignocellulosic wastes and by-products will be studied in pilot scale and then subsequently checked in commercial industrial scale. Besides, the disposal of used adsorbent in safe and environmental friendly way and making the valuable end-use of these wastes should be deliberately considered in future studies.
In addition, most of the investigations have been carried out to utilize a single adsorbent to remove metallic or other pollutants. However, as each kind of lignocellulosic material has special functional groups and character, several types of appropriate biosorbents can be combined for gaining better detoxification efficiency.
Conclusions
Most recent studies on lignocellulosic agro-industrial wastes and by-products as abundant and low-cost adsorbents for water treatment and wastewater remediation have been reviewed. It can be concluded that the obtained maximum adsorption capacity, selectivity and regeneration efficiency of these materials provide some idea for selecting
proper adsorbent for metallic, dye, organic pollutants and nutrient removal.
Additionally, the research can help to propose optimum operation conditions for future studies on water and wastewater detoxification, as well as to improve environmental issues of solid and aquatic industrial waste disposal. Table 2 The performance of different types of agro-industrial wastes for heavy metal ion removal from aqueous solutions Table 3 The performance of different types of agro-industrial wastes for dye removal from aqueous solutions Table 4 The performance of different types of agro-industrial wastes for organic and nutrient removal from aqueous solutions 
